Introduction
Platelet-type von Willebrand disease (PT-VWD) is a rare autosomal dominant bleeding disorder due to a mutation in the gene encoding for platelet glycoprotein Ibα (GPIbα) confering to GPIbα an enhanced affinity for von Willebrand factor (VWF). [1] [2] [3] [4] [5] As a consequence, platelets from patients with PT-VWD bind spontaneously high molecular weight (HMW) multimers of VWF and are then cleared from the circulation, resulting in thrombocytopenia and the loss of HMW VWF multimers.
Patients with PT-VWD present a mild thrombocytopenia with large platelets and often platelet aggregates in blood smears and have a prolonged bleeding time associated with mucocutaneous bleeding or hemorrhage after surgery. Ristocetin induced platelet aggregation (RIPA) is enhanced, plasma von Willebrand factor antigen (VWF:Ag) is normal or mildly reduced while von Willebrand factor activity is reduced, resulting in a low VWF:activity/VWF:Ag ratio. Given the clinical and laboratory similarities, patients with PT-VWD are often wrongly diagnosed as type 2B VWD 6, 7 and the real prevalence of PT-VWD is therefore probably underestimated.
The differential diagnosis between these two conditions relies on genetic analysis, which is technically demanding and not available to most laboratories. Alternatively, differential diagnosis requires several assays, including mixing tests and cryoprecipitate challenge, which are rather cumbersome. The last method in particular often gives ambiguous results, because false positives can be found in some individuals with type 2B VWD. 8 Differential diagnosis is important because the two diseases must be treated differently: patients with type 2B VWD with normal exogenous VWF while patients with PT-VWD with platelet transfusions. 5 We have recently described a flow cytometric assay to quantify VWF-binding induced by ristocetin to fresh autologous or to formalin-fixed donor platelets. 9 The assay is useful in the diagnosis of VWD and for the monitoring of DDAVP treatment and in particular is able to detect enhanced affinity of VWF for GPIb, similarly to the RIPA, and therefore allows the diagnosis of type 2B VWD.
We report here a patient with a lifelong mucocutaneous bleeding disorder in which we made the differential diagnosis of PT-VWD versus type 2B VWD by applying the flow cytometric assay and confirmed this by genetic analysis.
Design and Methods

Case Report
A 30-year old female with a mild bleeding diathesis and a previous diagnosis of VWD was referred to our Center for further evaluation. She had had a history of mild thrombocytopenia and easy bruising, either spontaneous or following minor trauma, since birth. Bone mar- Platelet-type von Willebrand disease (PT-VWD) is a rare autosomal dominant bleeding disorder which is due to a mutation in the gene encoding for platelet glycoprotein Ibα (GPIbα) resulting in enhanced affinity  for von Willebrand factor (VWF). PT-VWD is often mistakenly diagnosed as type 2B VWD for the similarities between these two conditions. We characterized a new case of PT-VWD and evaluated the usefulness of a flow cytometric assay in the differential diagnosis between PT-VWD (n=1) and type 2B VWD (n=4). The flow cytometric assay was able to highlight the increased affinity of VWF for GPIbα as much as did RIPA and to differentiate the two diseases through mixing tests. Genetic analysis revealed a heterozygous point mutation in codon 239 of the GPIbα gene leading to a methionine to valine substitution (M239V). Flow cytometry represents a useful tool for the diagnosis of PT-VWD. ABSTRACT row aspirate was normal with a mild increase of megakaryocytes. We also studied 5 other members of her family (mother, father, sister and 2 sons), with no history of bleeding, who resulted normal. As controls we simultaneously studied 11 healthy subjects who had not ingested any drugs within the previous 10 days and 4 patients previously characterized as type 2B VWD. 9 All patients studied gave their informed, written consent to the studies performed; all studies were carried out in conformity with the declaration of Helsinki.
Diagnosis of platelet-type von Willebrand disease by flow cytometry
Laboratory studies
A standardized bleeding time test (BT) was performed, as previously described. 10 RIPA was evaluated with citrated platelet-rich plasma (PRP) using an optical aggregometer (APACT-4, Helena Biosciences Europe, Sunderland, UK) by challenging platelets with 0.3 to 2.0 mg/ml ristocetin (Mascia Brunelli S.p.A., Milan, Italy); VWF:RCo was assessed with formalin-fixed platelets using a commercial kit (Helena Biosciences Europe, Sunderland, UK). VWF:Ag (Diagnostica Stago, Asnieres, France), and VWF:CB (Gradipore Ltd, French Forest NSW, Australia) were evaluated by ELISA. PFA-100 ® (Dade-Behring, Deerfield, IL, USA) was performed using collagen/ADP (C/ADP) and collagen/epinephrine (C/Epi) cartridges, as described. 9 The binding of VWF induced by ristocetin to either fresh autologous or donor formalin-fixed platelets was evaluated by flow cytometry using a mouse anti-human VWF antibody, clone 4f9 (Immunotech, Marseille, France) and a FITC-conjugated goat against-mouse IgG (Beckman Coulter, Miami, FL, USA), as previously described. 9 The expression of platelet membrane glycoproteins was investigated by whole blood flow cytometry using FITC-conjugated monoclonal antibodies anti GPIIb (P2), GPIIIa (SZ21), GPIbα (SZ2), GPIX (SZ1), GPIV (FA6-152), CD9 (ALB6) and CD31 (5.6E) and a PE conjugated platelet-specific monoclonal antibody, as described. 11, 12 Samples were analyzed in an EPICS XL-MCL flow cytometer (Coulter Corporation, Miami, Florida, USA).
Aggregometric and flow cytometric mixing assays were performed by adding patient or control platelet-poor plasma (PPP) to patient or control platelet pellets, in the following combinations: 13 patient platelets/patient plasma, patient platelets/control plasma, control platelets/control plasma, control platelets/patient plasma. Platelet aggregation induced by cryoprecipitate, in an amount equivalent to 60 U/dL of VWF, was studied as previously described. 14 For the identification of the molecular defect, the patient's genomic DNA was extracted and the entire coding region of GPIBA was amplified by PCR, in four overlapping fragments, using a series of oligonucleotide primer pairs. PCR products were purified and the complete sequence of the GPIBA coding region was obtained by direct sequencing. 
Results and Discussion
The patient was studied on three different occasions over an eight month period. Routine blood clotting assays were normal. Platelet count was mildly reduced (130-168¥10 6 /mL) with a mean platelet volume of 11.7 fL (normal 8.0-12.0 fL). Bleeding time was over 20 min and PFA-100 ® C/Epi and C/ADP CT over 300sec. Platelet aggregation in response to collagen, ADP, arachidonic acid and adrenaline was normal while the RIPA was markedly increased (0.3-0.4 mg/mL; normal values 1.1±0.15 mg/mL, range 0.9-1.35 mg/mL) ( Figure 1B) ; the patient's platelets showed a mild spontaneous aggregation ( Figure   1A ). All the main platelet glycoproteins, including GPIbα, were normal.
VWF:Ag was within the normal range (63-84 U/dL; normal 55.7-129.6 U/dL) while VWF:RCo varied from 27 to 60 U/dL (normal 40.9-124.8 U/dL) and the VWF:RCo/VWF:Ag ratio was reduced (0.43-0.75; normal 0.6-1.2). VWF:CB was 45.7-61.0 U/dL (normal 57.0-100.9) and the VWF:CB/VWF:Ag ratio was 0.7 (normal 0.7-1.1).
Ristocetin-induced VWF-binding to autologous fresh platelets, by flow cytometry, was markedly increased as well as in 4 patients with type 2B VWD ( Figure 1C ) while ristocetin-induced VWF-binding to donor formalin-fixed platelets was mildly reduced (36.6 U/dL; normal 51.5 -129.8 U/dL).
Mixing tests performed by either light transmission aggregometry or flow cytometry showed that the patient's plasma had no effect on normal platelets and that the patient's platelets maintained enhanced VWF-binding when mixed with normal plasma (Figure 2) , demonstrating the platelet origin of the defect. On the contrary, when the mixing tests were performed with samples from 4 patients with type 2B VWD, it emerged that the patient's plasma induced enhanced VWF binding when added to normal platelets while patient's platelets bound a normal amount of VWF when mixed with control plasma, demonstrating the plasmatic origin of the defect (Figure 2A ). 
Diagnosis of platelet-type von Willebrand disease
Finally, the addition of cryoprecipitate to the patient's platelets induced aggregation as well as VWF-binding, while cryoprecipitate was inactive when added to control platelets or platelets from type 2B VWD (Figure 3) . DNA sequencing revealed a heterozygous point mutation in codon 239 of GPIBA, an A to G exchange leading to a methionine-to-valine aminoacid substitution (M239V), a molecular defect previously described in 8 patients from 4 different families with PT-VWD. 2, 15, 16 PT-VWD is a rare bleeding disorder, with 42 patients belonging to 16 unrelated families so far described; but its real prevalence is not known. A few published series suggest that the prevalence of PT-VWD may be about 10% that of type 2B VWD, but in fact it could represent a larger proportion because affected patients are often misdiagnosed as type 2B VWD. Based on our limited case series in patients with suspected type 2B VWD, up to 20% may actually be PT-VWD. In fact, out of 5 patients with enhanced affinity between VWF and platelets, one resulted to be a PT-VWD. Our findings confirm a likely underestimate of the prevalence of PT-VWD. However, for a reliable estimate, a large multicenter and prospective study has to be performed before making any conclusion on the prevalence of PT-VWD versus type 2B VWD, and the ongoing Canadian PT-VWD project is certainly a means to obtain this information. 17, 18 Enhanced platelet aggregation in response to low doses of ristocetin is the first laboratory evidence of an increased affinity of VWF for GPIbα orienting towards either type 2B VWD or PT-VWD. Further assays are then required to differentiate these two rare hemorrhagic disorders, including platelet aggregation mixing tests. Genetic analysis of the von Willebrand factor or GPIbα genes is the conclusive test, but is only available in a few laboratories. We have applied a recently described flow cytometric assay of the binding of VWF to platelets induced by ristocetin 9 to the diagnosis of PT-VWD.
The assay performed with fresh autologous platelets clearly highlighted the increased affinity of VWF for GPIbα and, when applied to mixing tests, it was able to differentiate PT-VWD from type 2B VWD demonstrating the platelet origin of the defect. Moreover, the flow cytometric test was able to detect VWF-binding to the patient's platelets induced by cryoprecipitate, a feature characterizing PT-VWD. The advantages of flow cytometry for the diagnosis of PT-VWD are its special ability to detect enhanced affinity of VWF for GPIbα. In fact, VWF binding induced by low doses of ristocetin (0.7 mg/mL) in type 2B VWD (n=4) was increased about 14.6 fold compared to that found in healthy controls (n=37), while in the same subjects ristocetin-induced light transmission was only increased 3.6 fold compared to healthy controls. Similarly, in PT-VWD the increase of VWF binding was 34.5 fold and that of light transmission 3.7 fold compared to healthy controls. Thus, flow cytometry can discrimi- nate better between patients with enhanced affinity of VWF for GPIbα and healthy controls. Other advantages of flow cytometry are the small volume of sample required (about 150mL), the rapidity of the test, and the possibility of performing mixing tests and cryoprecipitate challenge with small blood volumes, including in pediatric samples. Moreover, flow cytometry is now a widely used technique available to most hematology laboratories and this may allow PT-VWD to be diagnosed also in laboratories not specifically involved in platelet function studies. In conclusion, flow cytometry may represent a simple and useful tool for the diagnosis of VWF and for the discrimination of different VWD types, although this should be validated in a larger study.
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